A solid immersion lens ͑SIL͒ was applied to microscopic photoluminescence ͑PL͒ imaging at low temperatures. The spatial resolution corresponding to a numerical aperture of 1.0 was achieved and confirmed to be independent of temperature from 5 to 300 K. We performed PL imaging with the SIL for a GaAs quantum well and obtained stable PL images with high-spatial resolution at a wide temperature range from 5 to 200 K. From the temperature dependence of the PL images with high-spatial resolution, we can directly reveal the diffusion of photocarriers in the sample, which indicates the usefulness of the SIL technique. © 1998 American Institute of Physics.
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Optical microscopy and microspectroscopy with highspatial resolution beyond the diffraction limit and high efficiency have been required to characterize microstructures. To obtain high-spatial resolution beyond the diffraction limit, new optical methods with a near-field technique have been developed. The near-field scanning optical microscope ͑NSOM͒ is one of the successful methods, and extremely high-spatial resolution has been achieved. 1 Mansfield and Kino developed a new method using a solid immersion lens ͑SIL͒ based on the near-field technique. 2 The SIL is an aberration free solid lens of high refractive index material with a truncated-sphere shape placed in contact with a sample. So far, the SIL technique have been intensively investigated with the aim of highdensity data storage and lithography applications. [2] [3] [4] [5] [6] Recently, we applied the SIL technique to microscopic photoluminescence ͑micro-PL͒ imaging and demonstrated high-spatial resolution PL imaging of GaAs quantum wells ͑QWs͒ beyond the diffraction limit at room temperature. 7 To fully apply the SIL to PL imaging to characterize such structures, we have to establish PL imaging with the SIL even at low temperatures, since PL is more advantageously measured at low temperature with a minimization of nonradiative recombination and exclusion of thermal broadening.
In this letter, we first confirmed the applicability of the SIL at low temperature. Then, we applied the SIL to micro-PL imaging and demonstrated PL images of a GaAs QW at temperatures from 5 to 200 K.
We used the SIL made from a TaFϪ3 glass ball lens ͑Nippon electric glass͒ with a refractive index nϭ1.8 and a diameter of 750 m ͑radius rϭ375 m͒. The SIL was processed into a Weierstrass-sphere ͑WS͒ shape by lapping from one side to the thickness of r(1ϩ1/n) ͑ϭ583 m͒. In the Weierstrass-sphere shaped SIL, the incident ray is refracted at the surface of the SIL and focused at the bottom without spherical aberration, which is schematically shown in the inset of Fig. 1 . Due to an increase of the solid angle by the refraction and reduction in the wavelength inside the SIL with a high refractive index, spatial resolution is improved by a factor of n 2 .
4
The SIL was put on the sample at room temperature without any specific procedure or coating at the interface between the SIL and the sample. Here, the effective view field of the used WS-SIL was more than 25 m diameter and was wider than the area of interest, so that we placed the SIL on the area of interest monitoring the position with an optical microscope. Then, the SIL and the sample were placed in a cryostat. An objective lens was placed outside of the cryostat and observations were performed through an optical window of the cryostat. We used the objective lens ͑Union, PLLWDC40x͒ with a nominal magnification factor of 40, working distance of 10 mm, and numerical aperture ͑NA͒ of 0.5, in which an aberration caused by the optical window was compensated. Two-dimensional images were detected by a Ϫ40°C-cooled charge-coupled device ͑CCD͒ camera ͑Princeton Instruments, TE/CCD512TKM/1͒.
In the reflection measurement, light from a 100 W mercury-arc lamp filtered at 546 nm by an interference filter illuminates the sample under the coherent illumination condition. In the PL measurement, light from the lamp filtered at a͒ Electronic mail: yoshita@wagner.issp.u-tokyo.ac.jp APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 5 3 AUGUST 1998 a wavelength from 510 to 560 nm by a bandpass filter and reflected by a dichroic mirror illuminates the sample, whereas PL light reaches the CCD camera through the dichroic mirror and a short-cut glass filter. We first measured the reflection images of an evaporated metal film edge on a glass substrate, and estimated the spatial resolution of this SIL system. Figure 1 shows the plots of the reflection intensity profiles across the edge measured with the SIL at 300 and 5 K. The almost identical slopes at the edges at 300 and 5 K were obtained. The solid curve in Fig.  1 shows the numerically calculated edge response under the coherent illumination condition with /͑2ϫNA͒ resolution. To fit the obtained edge response with the theoretical curve in Fig. 1 , we assumed the NA to be equal to 1.0 with the SIL, whereas the edge response without the SIL was fitted with a NA equal to 0.5. The improvement factor of the spatial resolution was 2.0. This value is less than the theoretical value of n 2 ͑ϭ3.24͒, whose discrepancy might be caused by the existence of a gap between the sample surface and the SIL. However, it is to be noted that we realized a high-spatial resolution corresponding to the NA as high as the diffraction limit value of 1.0 at low temperature and confirmed that the resolution was independent of the temperature. These results indicate the applicability of the SIL at low temperature.
Using this experimental setup, we performed PL imaging for a GaAs QW sample at low temperatures. Figure 2͑a͒ shows a cross-sectional scanning electron microscope image of the sample. The facet structures of the sample were formed via the growth of a 1.5-m-thick GaAs buffer layer by molecular beam epitaxy on a patterned GaAs ͑001͒ substrate with 10 m-wide mesa-stripes along the ͓110͔ direction. 8 Then, a GaAs QW with a nominal vertical thickness of 5 nm sandwiched by AlAs barriers was grown, so that the QWs denoted as the top-QW and the side-QW were formed on the ͑001͒ and ͑111͒B facets, as shown in Fig. 2͑a͒ .
The PL images observed with and without the SIL at the same position at 50 K under uniform excitation are shown in Figs. 2͑c͒ and 2͑d͒ , respectively, against the common scale of position. Figures 2͑e͒ and 2͑f͒ show PL images with the SIL at 20 and 100 K on the same position in Fig. 2͑c͒ , respectively. Note that all the PL images with varied temperatures were stably obtained for the same region. A reflection image simultaneously observed with the SIL is shown in Fig. 2͑b͒ . The additional magnification factor of the transverse scale by the use of the SIL was 3.39, which is in fairly good agreement with the theoretical value of 3.24 (ϭn 2 ). Though the discussion on the origin of the PL images is given later, we wish to point out first the improved resolution and efficiency of PL image detection with the SIL.
It is clear at a glance of the PL images in Figs. 2͑c͒ and 2͑d͒ that the spatial resolution was enhanced by the use of the SIL. The enhancement of the spatial resolution was confirmed in all PL images observed at temperature from 5 to 200 K.
To characterize the spatial resolution in the PL images quantitatively, we noticed a bright spot indicated as A in Figs. 2͑c͒ and 2͑d͒ . Figure 3 shows the PL intensity profiles on the bright spot along the mesa-stripe direction. The full widths at half maximum ͑FWHMs͒ of the intensity profiles of the spot measured with and without the SIL were esti- Another advantage of the SIL is in the PL collection efficiency. 7 Increased efficiency by a factor of 6 was obtained at 50 K by the use of the SIL.
To discuss the meaning of the PL images in Figs. 2͑c͒-2͑f͒, we need to remember how the facet structures in the sample were formed. 8 Each mesa-stripe in the original patterned GaAs substrate had a flat ͑001͒ top surface. When GaAs was grown on the mesa, ͑111͒B facets were formed on both sides of the ͑001͒ top surface. The migration of Ga atoms from the ͑111͒B to ͑001͒ facets and their deposition near the edges made the deposition rate faster near the edges than at the center of the ͑001͒ facet. Since the GaAs QW layer is deposited in a similar way, the top-QW on the top curved surface should get thicker, and hence, have lower quantization energy, near both edges than at the center on the mesa-stripe, which is schematically shown in Fig. 2͑a͒ .
In fact, a strong PL of the top-QW was observed along the two positions near both edges on the mesa stripe, as shown in Fig. 2 . Photoexcited carriers in the top-QW tend to diffuse into the lowest energy region at both sides, which results in weak PL at the center and strong PL at the thick QW region at both sides.
Note that the PL intensity along the mesa-stripe direction was spatially inhomogeneous, which was caused by the inhomogeneity of the growth, such as the formation of anomalous facet structures or defects, partly seen in Fig. 2͑b͒ . It is interesting to observe the inhomogeneity of PL images at different temperatures. Since the spatial distribution of PL is influenced by the carrier diffusion in this sample, this change directly shows the temperature dependence of the carrier diffusion.
When the temperature is raised from 20 to 50 K, the PL intensity contrast between the center and both edges of top-QW becomes stronger, which suggests an increased carrier flow from the center to the edges. At 100 K, the uniformity of PL intensity along the mesa-stripe direction is higher than those at lower temperatures. This is caused by the thermal distribution effect of the carriers in addition to the diffusion of carriers at 100 K in the sample. Detailed discussions on the PL images related to carrier diffusion will be done elsewhere. 9 However, we emphasis here that the observation of the temperature dependence of the PL images with high-spatial resolution is important to reveal the carrier flows in the quantum structures.
Finally, we comment on the advantages of PL imaging using the SIL compared with other high-resolution techniques.
It is true that spatial resolution close to NAϭ1.0 can be achieved without the SIL but only with a high-NA objective lens. However, the working distance of the high-NA objective lens is very short, so that we have to put the objective lens in the cryostat together with the sample and focus adjustment equipment, which makes the cold unit in the cryostat massive, complicated, and troublesome. On the other hand, we were easily able to obtain high-spatial resolution with a relatively low-NA objective lens with a long working distance by the use of the SIL. In addition, the spatial resolution was stable at a wide temperature range. Hence, the micro-PL measurement with NAϭ1.0 by the use of the SIL is useful at low temperatures.
Even with very high-spatial resolution as small as 0.2 m achieved at low temperatures, 10,11 the NSOM is limited by detection efficiency due to low throughput and serial data acquisition with scanning. On the other hand, we realized a spatial resolution of NAϭ1.0, which corresponds to 0.28 m at ϭ546 nm and 0.4 m at ϭ780 nm, at low temperatures. Though the spatial resolution is still inferior to that of the NSOM now, the advantages of the high detection efficiency, two-dimensional imaging, and easy treatment are expected to extend the applicable field of the SIL technique. In addition, higher spatial resolution will be achieved by an improvement of the contact between the SIL and the sample and the use of a SIL made from higher refractive material in future.
In summary, we applied the SIL to micro-PL imaging at low temperatures. The spatial resolution corresponding to NAϭ1.0 was achieved by the use of the SIL with nϭ1.8 and confirmed to be independent of the temperature in the range from 5 to 300 K. The PL images for the GaAs QW sample were stably obtained with high-spatial resolution by the use of the SIL at a wide temperature range from 5 to 200 K. The temperature dependence of the PL images with high resolution enabled us to directly deduce the spatial distribution of PL and the carrier diffusion in the structure. These results indicate the PL imaging using the SIL technique is useful for the characterization of quantum microstructures.
